Abstract-An hybrid architecture of a compact, low-cost and gain compensated delay line switchable from 1 m to 250 m is presented in this paper. The delay line takes place in a Radar Target Simulator to allow testing automotive radar sensors. A hybridization of different technologies is presented to simulate delays on the entire range with a 20 cm resolution step and a frequency band of 800 MHz. Three technologies, LTCC components, optical fibers and SAW filters, were combined to cover the entire distance range. The whole system also ensures a gain compensation and equalization in the entire frequency band, as well as the simulation of the Radar Cross Section (RCS) of various targets over the entire distance range.
I. INTRODUCTION
In order to be able to offer ever safer vehicles, manufacturers develop more and more efficient Advanced Driver Assistance Systems (ADAS). Among these systems, we observe a democratization of automotive radar sensors for collision warning and adaptive cruise control. These radars mainly use FMCW (Frequency-Modulated Continuous-Wave) modulation. Radars provide functions such as Automatic Emergency Braking (AEB) or Adaptive Cruise Control (ACC) for example. We can easily imagine that all vehicles will be equipped by one or several radar sensors in a few years. This perspective will impose automotive manufacturers, dealerships and technical control centers to have test systems allowing complete control and verification of radars.
To achieve the characterization, tests and calibration in reliable and repeatable conditions, an automotive Radar Target Simulator (RTS) is required to perform radar functional tests. The simulator must be able to simulate all situations encountered by the radar (urban and highway conditions, detection of pedestrians, cars…). Thanks to a high angular resolution, radars have to be able to differentiate a cyclist from a pedestrian. These many scenarios are becoming increasingly complex and an increased reliability is required, especially with the arrival of autonomous vehicles. A simulated target is defined by three parameters: speed, distance and Radar Cross Section (RCS). Some existing RTS correspond to future radar specifications in terms of performances but none fulfils specifications in compactness, flexibility, and low-cost suitable for an enlarged diffusion. To achieve such a goal, the simulation of a wide range of delays with a good resolution in the RTS is still the main issue. A general schematic diagram of a RTS is illustrated in the Fig. 1 .
In this work, the design of a new delay line architecture, hybrid, compact, low-cost and compensated in magnitude and delay is presented. Section II describes problematics and the RTS topology. A hybrid architecture that merges different technologies is introduced in section III. The different technologies are compared according to their delay range, cost and compactness. A gain equalization circuit is also proposed. Section IV details the RCS control. Prospects and conclusions are finally drawn. 
II. PROBLEMATICS
To meet radar sensors specifications, ZF TRW Autocruise Compagny designs its own Radar Target Simulators specifically for automotive radar sensors for production test bench and R&D laboratory.
RTS has to work at frequency bands of 24 GHz and 76-81 GHz, with frequency bandwidth better than 800 MHz and different modulations. To be integrated in different configurations, the simulator has to be sufficiently flexible, scalable, polyvalent, with small dimensions and at low cost.
The velocity of a moving target is generated by a frequency shift following Doppler Effect. The speed range is set from 0 to 250 km/h.
In the design of a RTS, the main blocking point is the distance generation on a large frequency band with a fine resolution. The distance is simulated by a time delay of the signal. The distance ranges from 1 m to 250 m, corresponding to delays from 6.67 ns to 1.67 μs respectively to simulate the round trip time, the resolution of the delay line has to be better than 20 cm (1.3 ns). A compromise has to be found between performances, low-cost and small size. The main problematic will consist in the simulation of the entire range of delays while maintaining the high resolution.
Another bottleneck is the simulation of the RCS of a target. The RCS is adjusted with a gain/attenuation control according to the size of the target to simulate.
The RTS front end operates at intermediate frequency. So, the working frequency of both the variable delay line and the RCS section will be between 1 and 2 GHz (L band) which allows a wider and more varied technologies choice.
It should be noted that, due to internal components of the RTS (excluding the delay line), the minimum simulated distance will be at least 10 m.
III. HYBRID ARCHITECTURE
A state-of-the-art and a comparative study of delay lines were realized in order to identify the available technologies with their drawbacks and their advantages following the delay range. Fully digital delay lines using analog-to-digital converters and digital signal processing or software techniques exist and are used in some commercial automotive RTS. However, their very high costs do not allow a wide distribution of RTS. Among the analog techniques, it has been shown the impossibility to generate the entire range of delays and the desired resolution with only one technology. Then, a hybridization of technologies is essential to meet the specifications, particularly in term of costs and volume.
A. Technology benchmarking
Depending on the desired delay, different technologies are available such as coaxial cables, optical fibers, Surface Acoustic Wave (SAW) filters [1] , Bulk Acoustic Wave (BAW) filters, LTCC (Low Temperature Co-fired Ceramic) [2] or low-cost planar technology, e.g. meander lines delay lines, true-time delay phase shifters [3] or Reflection Type Phase Shifter (RTPS) [4] among many others.
The following comparison only deals on switchable and tunable analog delay lines. To reduce costs, available Commercial Off-The-Shelf ("COTS") components are privileged in a first time.
As depicted in Fig. 2 .a, delay and cost versus the relative size for the available technologies follow globally the same distribution. On the other hand, Fig. 2 .b illustrates insertion losses versus size. Table I sums up the advantages and drawbacks of these technologies according to their delay range, bandwidth, insertion losses, size, complexity of integration and cost. Three technologies are highlighted: LTCC technology, optical fibers, and SAW filters. Planar technologies offer, for example, the possibility to design true time delay phase shifters with good performances, but with a poor flatness of group delay over a wide bandwidth compared to other techniques. Thus, this solution will not be retained. Table II details relations between delays and the corresponding simulated distances and the optimal technology for each delay range in order to cover the full distance range. The system is composed of delay blocks from 0.2 m to 128 m. Four 20 cm cascaded LTCC-blocks generate the lowest delay whereas the most important delays are generated by SAW filters. Indeed, they present the most interesting delay/size ratio among candidates despite high insertion losses. Available commercial SAW filters had been tested; then, they have been redesigned to get specific delays corresponding to distances from 16 m to 128 m. Intermediate delays, not achievable by SAW filter, are simulated with optical fibers. They allow simulating 4 and 8 m distances with very low insertion losses on a wide frequency band. Small distances (< 4 m) and the unit resolution are generated by very small LTCC components. Prototypes of each delay blocks had been designed, implemented and measured separately. Fig. 3 shows the design and the global architecture of the delay line. The compensation of the measured insertion losses has been studied, optimized and included in each delay block. It consists of an amplifier combined with an equalization of both the gain value and its slope to get a flat 0 dB insertion loss in each delay section.
B. Global architecture of the delay line
Moreover, an amplifier and an attenuator both tunable are combined with a gain equalization circuit at the end of the whole delay line to compensate for the global chain, i.e. to compensate for the sum up of all residual contributions when all the delay sections are by-passed. SPDT (Single-PoleDouble-Throw) switches are used to switch between different delay blocks to cover the range from 1.3 ns to 1.67 μs with a 1.3 ns step. The microcontroller commands the switches and the regulation of the amplification/attenuation to obtain the desired target distance and RCS. RF detectors are placed at input and output to define the gain of the delay line and to adjust the gain of the RTS. 
C. Gain compensation and equalization
Each delay elements introduce insertion losses that increase versus frequency. To keep the signal integrity, low noise amplifiers are used to compensate insertion losses and not to degrade significantly the noise factor. Then, the equalization circuit is inserted and optimized with a good gain flatness as main goal and the preservation of the group delay flatness as the minor one.
Many topologies of equalizer had been tested. The range of the gain variation on a broadband frequency as well as the flexibility are the main criteria of choice. The equalization circuit (Fig. 4) is realized with a non-reflective filter designed with lumped elements [5] . It allows a wide flexibility in attenuation slope (Fig. 5.b) and a well-matched behavior (better than -20 dB). Different optimized versions of this circuit had been designed depending on S-Parameters of prototypes delay blocks. Fig. 6 shows the simulated group delay possibilities (up to the maximum value) for the whole system. These simulations take into account S-parameters of SPDT switches from suppliers and the measured delays of the different delay blocks. The frequency bandwidth of 800 MHz is not fully achieved. Indeed, SAW filters introduce rises of the group delay at both sides of the band.
IV. RCS CONTROL
The RCS is a physical property that represents the ability of an object to reflect an electromagnetic wave. The RCS equation (1), the radar equation and losses from free-space path loss (2) allow determining the RCS equation (3) according to the gain of the RTS and of the simulated distance.
(1)
GRTS is the gain of the RTS, Pe is the power output of the radar and Ge the gain of the radar antenna. Pr represents the power received by the radar. Ds is the simulated distance by the RTS, Dp is the physical distance between the radar and the RTS and Ga the gain of the RTS antenna. The gain of the RTS has to be adjusted following the desired target size. Detectors based on RF couplers allow adjusting the gain value of the RTS to simulate the desired RCS depending on the under test scenario by attenuating or amplifying the signal. Table IV recapitulates the different values of attenuation and amplification following targets to simulate with equalization, i.e. GRTS = 0 dB. Table IV . Attenuation/amplification according to the simulated distance and target.
The two extreme cases are the simulation of a truck at a low distance (10 m) and the simulation of a pedestrian at a high distance (250 m). Thus, the amplification/attenuation range goes up to 90 dB.
V. CONCLUSION
This study shows the possibility of designing a delay line switchable from 10 m to 250 m for automotive radar sensors by using a hybrid architecture which is compact, low-cost and gain compensated. The innovation is mostly at a system level and comes from an architecture specifically developed around components, carefully selected according to the criteria of cost, delay, insertion losses and size. The whole final prototype is under completion and should meet the under 2000 € cost-constraint and the expected sizes (15 cm x 5 cm x 5 cm).
